ABSTRACT: A pyrene-functional polystyrene copolymer was prepared via 1,3-dipolar cycloaddition reaction (Sharpless-type click recation) between azide-functional styrene copolymer and 1-ethynylpyrene. Subsequently, nanofibers of pyrene-functional polystyrene copolymer were obtained by using electrospinning technique. The nanofibers thus obtained, found to preserve their parent fluorescence nature, confirmed the avoidance of aggregation during fiber formation. The trace detection of trinitrotoluene (TNT) in water with a detection limit of 5 nM was demonstrated, which is much lower than the maximum allowable limit set by the U.S. Environmental Protection Agency. Interestingly, the sensing performance was found to be selective toward TNT in water, even in the presence of higher concentrations of toxic metal pollutants such as Cd 2+ , Co
■ INTRODUCTION
In the near future, several health and ecological risks have been posed by the increased use of explosives in the environment. Trinitrotoluene (TNT) is the most common explosive, which is also considered to be a hazardous waste by the U.S. Environmental Protection Agency (EPA), with a maximum permissible level in drinking water to be 2 ppb. 1 The increased amount of TNT in water severely affects living organisms and causes several diseases like headache, anemia, and skin irritation, and the excess amount of TNT results in serious liver, eye, and neurological damage. This calls for an immediate need for the development of a rapid and reliable sensor for the detection of buried unexploded ordnance and for locating underwater mines. However, detection of trace amounts of TNT in aqueous environment faces significant challenges even today.
Until now, moderate efforts for the detection of TNT have been carried over using various kinds of analytical tools including mass spectrometry, electrochemical methods, surface enhanced Raman scattering methods, and fluorescence sensor. 2−8 Nevertheless, lack of portability, cost, time, sample preparation, and stability have restricted most of the devised techniques for outdoor practical applications. Interestingly, owing to a number of advantages including high sensitivity, easy visualization, short response time, and low cost, more attention has been laid on colorimetric and fluorimetric-based detection approaches. 9−12 In addition, several fluorescent probes have also been designed for the enhanced detection of TNT.
In light on practicability, solid-state based sensors are more preferable than solution-based sensors. 13−16 In general, fluorescent probes have been known for their ready attachment to the solid support for practical application. However, there have been issues concerning their stability due to leaching, reproducibility, and reduced lifetime. When compared to other fluorescent probes, polymer-based sensors have found a more attractive place than others owing to their easy processing attitude into larger area films through simpler techniques at lower cost with high repeatability rate. 17, 18 Pyrene functional macromolecules have been used widely as fluorescent probes 19−21 due to well-defined and excellent fluorescence properties of pyrene, such as relatively long fluorescence lifetime, forming excimers, and sensitivity to polarity of the environment. 22−30 Pyrene-functional small molecular compounds, dendrimers, and polymers have been employed in chemical sensor applications based on fluorescence mechanism toward various anions, 31−35 cations, 36, 37 biological entities, 38 as well as nitroaromatic compounds. 39, 40 However, the number of papers on the fluorescence detection of nitroaromatics using electrospun pyrene-containing materials is very rare. Wand and co-workers reported a polystyrene fluorogenic nanofibrous sensing material from polystyrene/ pyrene blends for the detection of buried explosives. 41 Guo and co-workers prepared polyvinylpyrrolidone/pyrene/3-aminopropyltriethoxysilane/reduced graphene oxide nanonets by electrospinning from their blends and reported that the nanonets gave quenching efficiency of 81% toward TNT vapor (10 ppb) within 540 s at room temperature. 10 Hua et al. prepared electrospun polyacrylonitrile nanofibers coated with pyrene molecules for the detection of TNT based on fluorescence quenching mechanism. 42 In one of our previous studies, 43 we prepared α-thiophene end-capped styrene copolymers containing pyrene side groups and investigated their fluorogenic responses in the presence of various anionic species at different concentrations. In this work, we studied the electrospinning of nanofibers from pyrenefunctional polystyrene copolymer for TNT detection in both aqueous and vapor-phase mediums. The main objective of this investigation is to study the feasibility of using functional polymeric nanofibrous membrane for the detection of TNT in wastewater as well as in vapor phase.
■ EXPERIMENTAL DETAILS
Materials. Styrene (Aldrich, 99.9%) and 4-vinylbenzyl chloride (VBC, Aldrich, 90%) were passed through a column of alumina to remove the inhibitor and were then stored under argon. Benzoyl peroxide (BPO, Aldrich, 98%) was recrystallized from methanol and dried before use. 2,2,6,6-Tetramethyl-1-piperidinyloxy (TEMPO, Aldrich, 98%), dimethylformamide (DMF, Merck, 99.8%), sodium azide (NaN 3 , Sigma-Aldrich, 99.5%), N,N,N′,N″,N″-pentamethyldiethylenetriamine (PMDETA, Aldrich, 99%), copper(I) bromide (CuBr, Sigma-Aldrich, 98%), 1-ethynylpyrene (Alfa Aesar, 96%), dichloromethane (DCM, Merck, 99.8%), and methanol (Merck, 99.9%) were used without further purification.
Characterization. 1 H NMR (500 MHz) spectra were obtained with a Varian Unity INOVA spectrometer at 25°C in CDCl 3 solutions relative to the nondeuterated solvent traces as the internal reference.
FT-IR spectra were collected on a PerkinElmer Spectrum Two spectrometer equipped with UATR accessory. The molecular weights of the synthesized polymers were determined by gel permeation chromatography (GPC) using an Agilent 1260 Infinity GPC/SEC instrument consisting of a pump, a refractive index detector, and two Agilent PLgel columns (Mixed-C, 5 μm, 7.5 × 300 mm) at 40°C, which was calibrated with linear polystyrene standards. Tetrahydrofuran was used as the eluent at a flow rate of 1 mL/min. The glass transition temperatures (T g ) of the synthesized polymers were measured with DSC 8500 (PerkinElmer) instrument under a nitrogen flow of 10 mL/min. The samples were first heated from 25 to 160°C, then cooled to 25°C, and finally heated to 160°C at a scan rate of 10°C min
. Thermal stability measurements of the polymers were performed with a TGA/SDTA 851 (Mettler Toledo) thermogravimetric analyzer from room temperature to 700°C at a heating rate of 10°C min −1 under nitrogen atmosphere. The morphology of the electrospun nanofibers were analyzed by using scanning electron microscope (Quanta 200 FEG). The fluorescence emission characteristics were measured by time-resolved fluorescence spectrophotometer (FL-1057 TCSPC). The thickness of the nanofibers and films were measured by using digital micrometer.
Synthesis of Chloride-Functional Styrene Polymer (P1). Styrene (6.97 g, 66.92 mmol), 4-vinylbenzyl chloride (1.13 g, 7.43 mmol), and TEMPO (0.009 g, 0.06 mmol) were put into a onenecked round-bottom flask and stirred for 10 min under gentle argon purge. BPO (0.010 g, 0.031 mmol) was added, and the flask was tightly closed and then immersed in a thermostated oil bath at 120°C; the mixture continued stirring for 48 h. After the reaction mixture was cooled to room temperature, the crude polymerization product was dissolved in DCM (15 mL) and purified by precipitating in cold methanol. P1 was recovered by vacuum filtration through a sintered glass filter (G4) and dried under reduced pressure at 35°C for 48 h.
Yield. Synthesis of Azide-Functional Styrene Polymer (P2). P1 (4.5 g, contains 4.38 mmol Cl) was dissolved in DMF (50 mL) under argon atmosphere. NaN 3 (2.63 g, 40.46 mol) was then added, and the reaction mixture was degassed with a slow stream of argon for 10 min and placed in an oil bath thermostated at 80°C with stirring for 48 h. After the mixture was allowed to cool to ambient temperature, it was transferred to a separatory flask with DCM (100 mL) and then washed with water (2 × 100 mL). The organic phases were then combined, dried over MgSO 4 , concentrated to ∼10 mL with rotary evaporation, and precipitated into cold methanol. P2 was recovered by vacuum filtration through a sintered glass filter (G4) and dried under reduced pressure at 35°C for 48 h.
Yield. Synthesis of Pyrene-Functional Styrene Polymer (P3). P2 (4.0 g, contains 3.87 mmol N 3 ) and 1-ethynylpyrene (1.05 g, 4.64 mmol) were dissolved in DMF (50 mL) under an argon atmosphere. PMDETA (2.01 g, 11.60 mmol) was added, and the reaction mixture was degassed by gently purging with oxygen-free argon for 5 min. Subsequently, CuBr (1.66 g, 11.60 mmol) was added to the solution, and the solution was degassed again. After the reaction mixture was stirred at room temperature for 48 h, it was transferred to an extraction funnel, diluted with DCM (100 mL), and washed successively with and water (2 × 100 mL). The collected organic phases were dried over MgSO 4 , concentrated to ∼10 mL by a rotary evaporator, and P3 was isolated by precipitation from cold methanol. The obtained polymer was collected by vacuum filtration through a sintered glass filter (G4) and dried under reduced pressure at 35°C for 48 h.
Yield. Electrospinning of the Fluorescence Nanofibers. The electrospinning solution of pyrene functional polystyrene copolymer (P3) was obtained by dissolving in DMF/DCM (7/3 (v/v)) solvent mixture at 12% (w/v, with respect to solvent) concentration. The homogeneous clear solution was placed in a 1 mL syringe fitted with metallic needles of 0.4 mm inner diameter. This was followed by the horizontal fixing of the syringe on the syringe pump (model SP 101IZ, WPI). The polymer solution was pumped with a feed rate of 0.5 mL/h during electrospinning. By using a high voltage supply, the applied voltage to the metal needle tip (Spellman, SL Series) was 15 kV and the tip-to-collector distance was set at 15 cm for electrospinning of the prepared solution. Collectively, electrospun fluorescence P3 nanofibers were deposited on the aluminum foil covering the plate-type collector. The electrospinning process was performed at 20°C and 20% relative humidity in an enclosed Plexiglas box. For comparison studies, the solution used for electrospinning was drop-casted on the glass Petri dish and then allowed for drying up to 3 days in a vacuum oven at 70°C
. The dried film was peeled from the dish as a free-standing film and then used for further experiments.
Visual Colorimetric Detection of Analytes in Water. At a concentration of 5 mM, a stock solution of TNT is prepared by dissolving TNT in water/acetonitrile (H 2 O/ACN, 1:1) mixture. This is followed by diluting different concentrations of TNT from the stock solution. Visual colorimetric detection is done by cutting the fluorescent fibrous membrane into small pieces and then dipping the same for 5 min in different concentrations of TNT solution. In few seconds, color changes were noticed by the naked eye. After evaporation of the solvent, a photograph was taken under UV light (λ ext -254 nm) and normal light conditions. The same procedure was followed for DNT and other metal ions.
Vapor-Phase Sensing of Trinitrotoluene. In brief, 1.5 g of TNT is taken into a quartz cuvette and then covered with a small piece of cotton to avoid direct contact with fluorescent probes, that is, nanofibrous membrane. The setup is allowed for saturation for 48 h and then placed in a time-resolved fluorescence spectrophotometer. A small piece of the membrane is placed into the quartz cuvette, and immediate changes in fluorescence are recorded at the desired time period. The excitation wavelength was fixed at 340 nm.
■ RESULTS AND DISCUSSION
Synthesis and Characterization of Pyrene Functional Polystyrene Copolymer. Pyrene-functional polystyrene copolymer (P3) was prepared in a three-step synthetic procedure (Scheme 1). In the first step, chloride-functional styrene copolymer (P1) was synthesized via nitroxy-mediated stable free radical polymerization (NMP) of styrene and 4-vinylbenzyl chloride as monomers using BPO as the radical initiator and TEMPO as the coradical. Then, chloride side groups were converted into azide by reacting P1 with sodium azide in DMF, yielding azide-functional styrene copolymer (P2). In the last step, pyrene-functional styrene copolymer (P3) was obtained quantitatively through 1,3-dipolar cycloaddition reaction (click reaction) between azide-functional groups of P2 and 1-ethynylpyrene.
The chemical structures of the synthesized copolymers (P1− P3) were confirmed via FT-IR and 1 H NMR spectral analysis. In their FT-IR spectra given in Figure S1 , aromatic and aliphatic stretching bands are observed around 3027−3063 and 2848−2921 cm −1 , respectively. In the FT-IR spectrum of P2, the signal observed at 2095 cm −1 clearly indicates the presence of azide functional groups in the chemical structure of P2. Upon click reaction between P2 and 1-ethynylpyrene, the complete disappearence of azide signal, which was observed in the FT-IR spectrum of the precursor, proves that pyrene side groups were attached quantitatively, yielding P3. As for the 1 H NMR spectra of the copolymers (Figure S2 ), the backbone Average molecular weights of the styrene copolymers (P1− P3) were estimated by conventional gel permeation chromatography, and the obtained data were presented in Table S1 . The polydispersity values ranged between 1.23 and 1.28, whereas the average molecular weights from GPC experiments are estimated values based on unfunctional polystyrene calibration standards. The hydrodynamic volumes of the functional styrene copolymers (P1−P3) were different, to some extent, from the calibration standards. Thus, average molecular weight values from GPC experiments are accepted to be less reliable than those obtained from 1 H NMR calculations. In the 1 H NMR spectra of the styrene copolymers (P1−P3), the signals of BPO and TEMPO residues were overlapped by those of the repeating units or were very weak due to dilution of terminal units in long polymer chains. Fortunately, the ratio between monomeric residues (m/n, see Scheme 1) in the styrene copolymers could be calculated from the integral ratios of aromatic phenyl proton signals (C 6 H 5 plus C 6 H 4 -CH 2 -) and methylene protons next to the benzene ring (C 6 H 4 −CH 2 ) and were summarized in Table S1 . Therefore, the molar mass of the fragments containing single functional unit (-Cl or -N 3 ) were calculated using the equation (m/n) × MW of styrene + MW of chloride or azide functional repeating units.
Differential scanning calorimetry (DSC) technique was used to determine thermal transitions, such as T g , of the synthesized styrene copolymers with different side-functional groups. Figure  S3 shows the DSC curves of the styrene copolymers in the second heating run, and the related data were given in Table  S2 . T g values of the chloride functional styrene copolymer (P1) was measured as ∼104°C. Upon azidification, T g of the styrene copolymer (P2) decreased slightly to ∼99°C. However, attachment of pyrene side groups considerably increased T g (∼126°C) of the resultant fluorescent styrene copolymer (P3), due to rigid structure and π-stacking of pyrene side-units. As for the thermogravimetric properties of the copolymers, their maximum decomposition temperatures (T Max ) of the styrene copolymers were very close to each other as seen from Figure  S4 , indicating that their thermal stabilities do not differ considerably. Besides, the percent char yield of the pyrenefunctional styrene copolymer was remarkably greater than the others.
Trinitrotoluene Sensing Applications of Electrospun Pyrene Functional Polystyrene Copolymer. The schematic representation of electrospinning of nanofibers from pyrenefunctional polystyrene copolymer (P3) is shown in Figure S5 . The SEM image of electrospun pyrene-functional styrene copolymer (P3) described as fluorescent nanofiber (FNF) depicts a uniform defect-free porous structure with average fiber diameter of 400 ± 140 nm as illustrated in Figure 1a . The presence of pores is clearly seen on surface of the nanofibers with an average pore size of 30−40 nm. And also cross- sectional view of the fiber confirms the occurrence of porous structure inside the fiber. The fluorescent polymer demonstrated excimer emissions mainly due to increased local concentration of pyrene moieties on the polymer backbone as shown in Figure 1b and Figure S6 .
As compared with photoluminescent spectra of fluorescent polymer in solution phase (Figure S6 ), the fibrous film did not shift much to higher wavelength as observed by others. 44−46 This result confirmed that the aggregation enhanced excimer emission is limited. The nanofibers thus obtained, found to preserve their parent fluorescence nature, confirmed the avoidance of extended aggregation during fiber formation. Further, the fluorescent nanofibrous membrane (FNFM) exhibited bright bluish-green emission, visually observed under UV illumination (λ ext -254 nm) as shown in Figure 1c , and their depiction under normal light conditions is displayed in Figure 1d .
Importantly, even after treatment with water for a prolonged period of time, the FNFM does not lose its fluorescence nature. Furthermore, the sensing performance of FNFM, was taken into testing by dipping the membrane in different concentrations of aqueous TNT solutions (in H 2 O/ACN (1:1)) for 10 min, presented in Figure 2 . The corresponding fluorescence spectra before and after the treatment of TNT, with a concentration ranging from 5 mM to 5 nM, clearly shows changes in fluorescence nature with respect to their concentration as illustrated in Figure 2a . The quenching efficiency (QE = (I 0 − I)/I 0 × 100, where I and I 0 are the fluorescence intensity in the presence and absence of TNT, respectively) versus TNT concentration is shown in Figure 2b , where a clear representation of the gradual increase in the concentration of TNT is seen to enhance the quenching efficiency. Also, it is found that the limit of detection reached 5 nM, lower than the maximum permissible limit of TNT (10 nM) in drinking water set by the EPA.
Further, visual colorimetric detection was performed for different concentrations of TNT from 5 mM to 5 nM. Apparently, the visual colorimetric sensing performance of FNFM is easily identifiable under UV light (λ ext -254 nm) illumination by naked eye, since the color of the membrane changes from bright bluish-green to blue at selected concentrations. Further, maintaining the same and normal light conditions, their photographs were taken, presented in Figure 3 . It is apparent that color change has happened from light sandal to dark sandal at higher concentration under normal light conditions. Notably, color change was identified within the first few minutes indicating their rapid response character, and the limit of visual detection was found to be 5 × 10 −5 M. Initially, this step was initiated to check color change in the presence of the solvent that is used for dissolving TNT. As anticipated, no color change was noticed. After subsequent treatment with TNT, morphology of the fibrous membrane was studied, and the results confirmed that the nanofibrous morphology of the membrane did not get destroyed even at higher concentrations as shown in Figure S7 .
Further, to indicate the importance of selective response for real-life application of a sensor in aqueous phase, we investigated the interference from other nitro aromatic compounds and commonly found toxic metals in water. Remarkably, the results highlighted that the presence of 2,4-dinitrotoluene (DNT) at a concentration of 1 mM decreases the fluorescence intensity considerably, and 4-nitrophenol (NP) also slightly decreases the fluorescence intensity. Interestingly, at this concentration, TNT is found to effectively quench the entire fluorescence of the FNFM indicating their enhanced sensing response. Apart from this, no significant change in fluorescence emission was noticed in the presence of toxic metal ions visually as well as spectroscopically, clearly demonstrated in Figure 4 . The observed selective sensing performance might be attributed to the screening effect of hydrophobic polystyrene fibers, hindering the interaction of metal ions with pyrene units. Therefore, the exceptional characteristics along with their selective visual colorimetric sensing performance have an excellent potential to be in use as a portable sensor for the effective detection of TNT in water for environmental applications.
Upon exposure to TNT vapor at room temperature, the time-dependent fluorescence quenching of FNFM was evaluated and presented in Figure 5 . As shown in the spectra, it is evident that the quenching is started within 30 s of TNT exposure, and its persistent decrease with increasing time is displayed in Figure 5a . The corresponding relative fluorescence intensity I 0 /I versus TNT concentration is shown in Figure 5b . The inset in Figure 5b confirms the linearity of the sensing response over time period of 600 min. When viewing by naked eye under the exposure of UV light, significant color change was noticed within 30 min of exposure as illustrated in Figure 5 inset, and the complete fluorescence quenching was observed for 48 h as shown in Figure S8 . When compared with the fluorescence spectra, fluorescence intensity completely disappeared without affecting their nanofiber morphology, further confirmed by SEM analysis as shown in Figure S9 . In addition, we are interested to know the advantage of nanofibers in sensing performance. Therefore, we selected solution casting thin film as a reference. The thin film is brittle in nature, and it can be easily broken as shown in Figure S10 . The tested solution cast thin film and nanofibrous membrane were both in approximately equal thickness and size (thickness of ∼0.18 mm and size of 0.5 × 1.5 cm), but the weight of thin film (50 mg) was 25 times higher than the nanofibrous membrane (2 mg).
The compared quenching efficiency toward TNT with a different time interval is given in Figure 6 . The observed result confirms the quenching efficiency of nanofibrous membrane is 3 times higher than the thin film even when much less material was used for the TNT detection.
Finally, the outstanding sensing performance in aqueous phase and the comparatively higher quenching efficiency in vapor phase might be attributed to the higher surface area of the nanofibers, resulting in enhanced interaction between TNT and its analytes.
18,41,47−52 Reportedly, the presence of a conjugated planar structure of pyrene and a large delocalized π-system makes them more selective toward TNT. During TNT interaction with pyrene, because of similarities in their orbital energy levels, they could easily bind with one another via π−π interaction, and the corresponding electrons in the pyrene are supposed to get transferred to the lowest unoccupied molecular orbital of the TNT. 53, 37 The resulting photoinduced electron transfer quenches the fluorescence of FNFM, which is found to be concentration-dependent. In addition, triazole bridge also plays a significant role in enhancing the sensing performance of TNT. The schematic representation of the sensing mechanism is illustrated in Figure S11 . To confirm this, XPS spectra were taken for analyzing the interaction between triazole and TNT, and they are shown in Figure S12 . The appearance of new peak at ∼406 eV is assigned to the nitro group from TNT. In addition, upon increasing the concentration of TNT, there is a gradual shift in the spectra, which confirms the interaction between triazole proton and nitro group in TNT. 54−56 ■ CONCLUSIONS To summarize, successful demonstration of electrospun pyrenefunctional polystyrene copolymer nanofibrous membrane has been done for efficient trace detection of TNT in aqueous solution as well as vapor phase. The lowest detection limit has been found to be 5 nM, much lower than the maximum allowable limit set by the EPA. In the presence of other nitroaromatic compounds and competent metal ions, it has been analyzed that the sensing performance is more selective toward TNT in water. Within few seconds, a drastic color change has been noticed, easily identifiable by the naked eye. The underlying mechanism outlining the enhanced sensing performance has been studied to be the uniform onedimensional morphology along with its intrinsic nanoporous structure. We have presented a promising area of research for sensor application highlighting their advantages of simplicity, specificity, high sensitivity, selectivity, and an economy with lower detection. In future, we expect to involve in optimizing the obtained fibrous system to improve the visual colorimetric sensing performance in vapor phase.
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